RESEARCH
W heat (Triticum aestivum L.) is grown worldwide with an annual average production of 600 Mg (Merethe et al., 2007) . Rejesus et al. (1996) predicted that the production level of wheat must double to fulfi ll the 2020 global wheat requirement. Fungal foliar diseases such as rusts, tan spot, Stagonospora nodorum blotch (SNB), powdery mildew, and spot blotch are a major biological constraint limiting wheat production, and estimated global annual production losses due to these diseases have been reported as high as 13.6% (Oerke et al., 1994) . Host plant resistance is a cost-eff ective and environmentally friendly method to combat foliar diseases in wheat. Deployment of one or few sources of resistance genes over large areas poses a serious threat of resistance breakdown due to virulence change in pathogen populations (Bruce and Linde, 2002) . Therefore, the availability of genetically diverse germplasm with broad resistance to multiple diseases is important to the success of wheat improvement programs (Polak and Bartos, 2002) .
New and Diverse Sources of Multiple Disease Resistance in Wheat
Suraj Gurung, J. Michael Bonman, Shaukat Ali, Jaimin Patel, Mary Myrfi eld, Mohamed Mergoum, Pawan K. Singh, and Tika B. Adhikari*
ABSTRACT
Tan spot (caused by Pyrenophora triticirepentis) and Stagonospora nodorum blotch (SNB), (caused by Phaeosphaeria nodorum) are destructive diseases of wheat (Triticum aestivum L.). The majority of currently grown wheat varieties are susceptible to both diseases, presumably because of high pathogenic variability occurring in these fungi or narrow genetic background for resistance in wheat varieties. Therefore, identifying new sources of tan spot and SNB resistance in wheat is imperative. A subset of 825 wheat accessions from the core collection of the National Small Grains Collection (NSGC) of the United States Department of Agriculture, National Plant Germplasm System (NPGS) was evaluated for resistance to tan spot and SNB at seedling stage in a growth chamber. On the basis of disease reactions, 88 wheat accessions exhibited resistance to both diseases. Data from the Germplasm Resources Information Network (GRIN) were examined for the 88 accessions to identify those that also have resistance to other key diseases and on this basis 28 accessions with multiple resistances were identifi ed. The genetic relationship among the 88 accessions was assessed using resistance gene analog polymorphism (RGAP) primers. Wheat accessions with similar growth habit were grouped together despite differences in country of origin. Associations between agronomic traits and host resistance indicated that winter wheat habit in the studied collection was strongly associated with both SNB and tan spot resistance. This study identifi ed genetically diverse wheat accessions with broad-spectrum resistance that can be used in developing cultivars with high levels of resistance to multiple diseases in wheat breeding programs.
Tan spot, caused by Pyrenophora tritici-repentis (Died.) Drechs., is a devastating disease in wheat worldwide. Eight races of P. tritici-repentis have been identifi ed based on reactions on a set of standard wheat cultivars (Ali and Francl, 2002; Lamari et al., 2003) . Among these eight races, race 1 is the most common and widely distributed around the world Ali and Francl, 2002) . Tan spot can cause up to 50% yield losses under conducive environments. The fungus produces multiple host selective toxins such as Ptr ToxA, Ptr ToxB, and Ptr ToxC (Ballance et al., 1989; Ciuff etti et al., 1997; Ciuff etti and Tuori, 1999; Eff ertz et al., 2002; Strelkov et al., 1999; Tomás et al., 1990) . Resistance to tan spot has been reported to be inherited both qualitatively and quantitatively (Singh and Hughes, 2005) . Several single recessive genes such as tsn1, tsn2, tsn3, tsn4, tsn5, tsn6, and tsn-syn1 , and a dominant gene designated as Tsn-syn2 are responsible for conditioning resistance to necrosis (Anderson et al., 1999; Singh et al., 2006a; Singh et al., 2008; Tadesse et al., 2006a; Tadesse et al., 2006b) . Similarly, recessive genes such as tsc1 and tsc2 that condition resistance to chlorosis have been identifi ed (Eff ertz et al., 2002; Friesen and Faris, 2004) . Another leaf spot disease, SNB, is caused by Phaeosphaeria nodorum (E. Muller) Hedjarroude, and reduces both grain yield and quality. This fungus can cause up to 50% yield reduction under favorable disease development conditions (Loughman and Thomas, 1992) . Phaeosphaeria nodorum produces multiple host selective toxins (e.g., SnToxA, SnTox1, SnTox2, and SnTox3) (Friesen et al., 2006; Friesen et al., 2007; Friesen et al.,2008; Liu et al., 2004) . Although genetic variation for partial resistance to SNB has been reported, no immune resistance has been found (Polley and Thomas, 1991) . Seedlingstage resistance is mainly controlled by several major genes, including a recessive gene SnbTM that was identifi ed in durum [T. turgidum L. subsp. durum (Desf.) Husn] (Ma and Hughes, 1995) . Breeding wheat for resistance to SNB has been a rather slow process, since resistance to SNB is quantitatively inherited and resistance is further limited by additive gene action and genotype × environment interaction. Also, in a few instances, resistance was negatively associated with undesirable traits such as plant height and late maturity (Nelson, 1980; Rosielle and Brown, 1980; Scott et al., 1982; Wilkinson et al., 1990) . Other major foliar diseases of wheat include leaf rust (Puccinia triticina Eriks.), stem rust (P. graminis Pers.:Pers. f. sp. tritici Eriks. & Henn.), stripe rust (P. striiformis Westend. f. sp. tritici Eriks.), powdery mildew (Blumeria graminis DC), common bunt (Tilletia tritici (Bjerk.) Wint and T. laevis Kühn), and barley yellow dwarf virus (Bennett, 1984; Chen et al., 2002; Cherewick, 1953; Pike, 1990; Oelke and Kolmer, 2005; Steff enson et al., 2007) .
Genetic diversity among and within diff erent populations or accessions of wheat has been analyzed using molecular markers such as isozymes (Moghaddam et al., 2000) , seed storage proteins (Branlard et al., 1989; Liu and Shepherd, 1996) , restriction fragment length polymorphism (RFLP) (Tanyolac et al., 2003) , random amplifi ed polymorphic DNA (RAPD) (Khan et al., 2005) , amplifi ed fragment length polymorphism (AFLP) (Shoaib and Arabi, 2006; Tian et al., 2005) , and resistance gene analog polymorphism (RGAP) (Chen et al., 1998) . Among these, RGAP markers have been developed from conserved domains of plant resistance genes and are distributed in the genome to assess their validity for determining genetic diversity and genetic relationships. In addition, the RGAP approach has been successfully utilized to identify markers associated with resistance genes in wheat for stripe rust (Yan et al., 2003) , barley yellow dwarf virus (Zhang et al., 2004) , and barley stripe rust (Yan and Chen, 2006) . Recently, Dong et al. (2009) The National Small Grains Collection (NSGC), USDA-ARS, Abredeen, ID has a large collection of wheat accessions representing the major wheat-producing countries of the world. The worldwide collection of accessions could be valuable sources of gene pools for wheat improvement (Zhang et al., 2008 (Bonman et al., 2007) little is known about tan spot and SNB resistance in this collection. The main objectives of this research were to (i) evaluate resistance for both tan spot and SNB in 825 wheat accessions (a subset of the NSGC core collection), (ii) determine the relationships between resistance and various GRIN agronomic descriptors, (iii) identify wheat accessions which might have resistance to additional diseases based on GRIN data, and (iv) analyze the genetic relationships among these accessions using RGAP markers. At present, sources of resistance to multiple foliar leaf diseases are inadequate. Thus, the newly identifi ed sources for broad-spectrums of resistance to multiple diseases can be incorporated into adapted wheat cultivars.
MATERIALS AND METHODS

Wheat Accessions
In this study, 825 wheat accessions consisting of both spring wheat and winter wheat were picked randomly to present a subset of the core collection. This subset represents diverse habit (517 spring, 308 winter), country of origin (89 countries from six continents), and improvement status (Tables 1 and 3 ). Improvement status classifi cation was determined by the NSGC curator (H. E. Bockelman) on the basis of information available in the passport data and is somewhat subjective. Improvement status includes three categories: (i) "cultivar" for accessions developed 1-to-5 scale lesion type rating system as described by Lamari and Bernier (1989) , where scores of less than 2 were considered resistant and those more than 2 were considered susceptible.
Screening for Stagonospora Nodorum Blotch
To evaluate wheat accessions for resistance to SNB an aggressive isolate of P. nodorum, Sn2000, originally collected from a wheat fi eld in North Dakota and maintained at the Department of Plant Pathology, NDSU was used in this study. This isolate has been used previously for germplasm screening Mergoum et al., 2007) . The inoculum of P. nodorum was prepared as described in Ma and Hughes (1995) . Briefl y, pure culture of isolate Sn2000 was revived on V8-PDA medium by placing two dried mycelial plugs in the center of the plate. The plates were then incubated at 21°C in darkness for 5 d. The pycnidiospores were obtained by adding 30 mL sterile distilled water into each plate and by scraping the plate surface using a sterile glass slide. Pycnidiospore density was estimated with a hemacytometer and incoculum concentration was adjusted to 1 × 10 6 mL -1 by adding sterile distilled water before inoculation. At the two leaf stage, seedlings were spray-inoculated with a hand sprayer until runoff . After inoculation, seedlings were moved to a mist chamber for 24 h to initiate infection and then moved to a growth chamber at 21/18° C (day/night) temperature with a 16-h photoperiod. Seedlings were rated for disease reaction 8 d after inoculation using a qualitative numerical scale of 0-to-5 on the basis of the lesion type as described in Liu et al. (2004) , where 0 to 2 was considered resistant and scores above 2 were categorized as susceptible.
Experimental Design, Data Collection, and Phenotypic Data Analysis
The experiments were conducted in a greenhouse from 2006 through 2008 at NDSU, Fargo, ND using a randomized complete block design with three replications. Two experiments were conducted in separate growth chambers and treated in the same manner to represent biological replications. In the and released by plant breeding programs, (ii) "landrace" for traditional varieties selected by farmers, and (iii) "cultivated" for accessions of ambiguous improvement status and are similar to the cultivar classifi cation. Seeds were obtained from the NSGC for evaluation of resistance to tan spot and SNB at North Dakota State University (NDSU), Fargo, ND.
Screening for Tan Spot
To evaluate wheat accessions for resistance to tan spot, seedlings were grown in a growth chamber and inoculated as described in Lamari and Bernier (1989) using the most prevalent P. triticirepentis race 1 (Isolate # Pti2) Ali and Francl, 2002) . This isolate Pti2 was originally collected from a wheat fi eld in South Dakota and maintained at the Department of Plant Pathology, NDSU. Briefl y, three seeds of each accession were planted in a plastic cone (3.8 cm in diameter and 20 cm long) (Stuewe and Sons, Inc., Tangent, OR) fi lled with Fison sunshine mix #1 (Fison Horticulture, Vancouver, BC). To prepare inoculum, 0.5-cm-diameter dried mycelial plugs were placed on the center of 10-cm Petri plates containing V8-potato dextrose agar (V8-PDA) (150 mL of V8 juice (Campbell Soup Company, Camden, NJ), 10 g of Difco PDA PDA (Becton, Dickinson and Company, Sparks, MD), 10 g of Difco agar, 3 g of calcium carbonate, and 850 mL of distilled water) plates. The plates were incubated in the dark at 21° C for 5 d and the mycelial growth was fl attened with the bottom of a fl amed test tube. Excess water was removed and the plates were further incubated under continuous light for 24 h at 21° C followed by 24 h in the dark at 16° C. Approximately, 25 mL sterile distilled water was added to each plate and the conidia were dislodged with a sterile inoculating looped wire. Inoculum concentration was adjusted to 3 × 10 3 conidia mL -1 using a hemacytometer and fi nal volume of inoculum was adjusted by adding sterile distilled water. Two-week-old seedlings were spray-inoculated until run-off . Following inoculation, seedlings were moved into a mist chamber to provide continuous leaf wetness. After 24 h, seedlings were moved to a growth chamber with 21/18° C (day/night) temperatures and a 16-h photoperiod. Disease was scored 8 d after inoculation using a ) if the average disease mean score > 2 in the greenhouse, North Dakota State University, Fargo, ND. ¶ Percentages for continents in a column followed by the same small letter and percentages for diseases in a row followed by the same capital letter are not signifi cantly different by overlap of binomial confi dence intervals at P < 0.05. statistical analysis, the two biological replications were regarded as a random eff ect and the 825 wheat accessions were considered as a fi xed eff ect. Three plants of each accession were planted into single planting cones (3.8 cm in diameter and 20 cm long) (Stuewe and Sons, Inc. Tangent, OR) and each cone was considered as an experimental unit. In total, nine plants per experiment were rated for each disease. Analysis of variance (ANOVA) was performed for tan spot and SNB separately using Statistical Analysis System (Version 9.1, SAS Institute Inc., Cary, NC). Initially, disease ratings for each experiment were analyzed separately to determine the existence of signifi cance (P < 0.05) in tan spot and STB ratings among wheat accessions. Interaction between wheat accessions and experiments were calculated with PROC GLM using LSD option. After data analysis, no signifi cant interaction was observed. Therefore, a combined analysis over the two experiments for each disease was performed. Fisher's exact test was used to test for association between various characters and combined resistance to tan spot and SNB as described previously for common bunt of wheat (Bonman et al., 2006) .
GRIN Disease Resistance Data
For accessions showing resistance to both tan spot and SNB, resistance data for other diseases was obtained from the GRIN database (http://www.ars-grin.gov/npgs/ verifi ed 17 June 2009). Briefl y, common bunt and stem rust data were gathered as described previously (Bonman et al., 2006; Bonman et al., 2007) . Powdery mildew testing was conducted in the fi eld from 1996 to 2002 by the USDA-ARS Plant Sciences Research Unit in Raleigh, NC. Screening for stripe rust was conducted from 1985 to 2002 in two fi eld locations (Mount Vernon, WA and Pullman, WA) and in a greenhouse using four races (PST17 1, PST20 1, PST27 1, and PST29 1) by the USDA-ARS Wheat Genetics, Quality, Physiology and Disease Research Unit in Pullman, WA. Barley yellow dwarf data were collected from fi eld trials conducted by USDA personnel at Urbana, IL from 1988 to 1991. Leaf rust reaction was rated from growth chamber experiments conducted from 1983 to 1991 at the USDA-ARS Plant Science and Entomology Research Unit in Manhattan, KS.
Agronomic Descriptor Data
Flowering dates relative to check cultivars were available for 810 accessions in the GRIN database. The dates were recorded relative to that of a check cultivar as described previously (Bonman et al., 2006) and ranged from 0.86 to 1.88 for the test accessions. Growth habit data were available for all test accessions on the basis of spring-sown evaluations by NSGC personnel at Aberdeen, ID (43° 2′ N, 112° 49′ W, 1331 m ASL). Accessions fl owering normally were designated as having spring habit and those that did not fl ower as having winter habit. Data for other agronomic descriptor data were available for the accessions. Suffi cient data were available to test for associations between resistance and relative fl owering date, growth habit, plant height, improvement status, kernel color, glume color, and awn color.
DNA Isolation and Gel Electrophoresis
For DNA extraction, three seeds of each wheat accession were grown in the growth chamber as described above. Two to three leaves of each accession were detached from 2-wk-old plants. The leaves were cut into small pieces, placed in 2 mL micro-centrifuge tubes, and stored at -80° C. The leaves were then lyophilized and ground to fi ne powder using a highspeed mixer mill (Model MM301; Retsch Inc., Newtown, PA). Genomic DNA was extracted following the protocol as described in Chen et al. (1998) and dissolved in 1 × TE buff er (10 mM Tris-HCL, 1 mM EDTA, pH 8). DNA concentration of each sample was quantifi ed using a NanoDrop spectrophotometer (Model ND-1000, Thermo Scientifi c Inc., Waltham, MA). After quantifi cation of DNA, a 300 μL (25 ng/μL) aliquot was made for each sample from the original stock and stored at -20° C. Wheat accessions resistant to both tan spot and SNB were analyzed by RGAP markers as described previously (Chen et al., 1998; Dong et al., 2009; Yan et al., 2003) . Ten RGAP primers having diff erent conserved domains of plant resistance genes and one polymerase chain reaction (PCR)-based RFLP primer set were used in this study ( Table 2 ). All PCR reagents were purchased from the Promega Corporation (Madison, WI) and primers were synthesized by Integrated DNA Technologies (IDT) Inc. (Coralville, IA). PCR cycles and conditions were as described previously (Chen et al., 1998) with some modifi cations as follows. Each 15 μL total volume of mixture contained, 1.2 μL of DNA solution, 3.7 μL of sterile distilled water, 3 μL of 5 × Taq buff er, 3 μL of MgCl 2 (25 mM), 1.2 μL of dNTP (2.5 mM) each, 4 μM of primer, and 0.5 μL of Taq DNA polymerase. Each PCR was performed in PTC-100 Peltier Thermal cycler (MJ Research, Inc., Waterman, MA) programmed for 5 min at 94° C for initial denaturation and 45 cycles consisting of 1 min at 94°C, 1 min at 45° C, and 2 min at 72° C, followed by a fi nal 7 min extension at 72° C.
To check the amplifi cation, 5 μL of each PCR product was separated in 1% agarose gel in 0.5 × TBE buff er (0.089 M Trisborate, 0.089 M boric acid, and 0.002 M EDTA). The gel was run for 90 min in 115 V and stained with ethidium bromide for 15 min. The stained gel was photographed under UV light. A smear and/or some individual bands indicated successful amplifi cation. To determine the genetic relationships among wheat accessions, amplifi ed products were separated in 6% urea nondenaturing polyacrylamide gels with 0.5 × TBE buff er (0.09 M Tris-borate and 0.002 M EDTA) as described in Shi et al. (2001) . All RGAP markers repeatability and polymorphisms were verifi ed by two independent PCR assays with randomly selected 10 DNA samples and negative controls (primer and water). The gel was pre-run at 350 V for 1 h by adding 20 μL of ethidium bromide (10 mg/ml) to the lower reservoirs. After pre-staining the gel, 3 μL of 2× loading dye was added to 10 μL of amplifi ed PCR product, and loaded in each well. The gel was run at 350 V for 1.5 h and photographed in a Fluorochem 2200 Image system, (Alpha Innotech Corp., San Leandro, CA). A 100-bp DNA ladder (Invitrogen Corporation, Carlsbad, CA) was used as a size marker.
Molecular Data Analysis
All polymorphic DNA bands were scored for presence or absence and data were entered into a binary matrix as discrete variables ('1' for presence and '0' for absence of amplifi ed band). Banding patterns of the molecular data were used to determine genetic relationships among the 88 wheat accessions using Dice's index. Dice's index was chosen because it is suitable for analyzing dominant markers (Meyer et al., 2004) . The genetic similarity matrix was used to construct a dendrogram using the unweighted pair group method with arithmetic mean (UPGMA). NTSYS Program (Numerical Taxonomy System, Version 2.2, Exeter Software, Setauket, NY) was used for data analysis.
RESULTS
Disease Resistance
Analysis of variance of disease data for tan spot and SNB confi rmed that there were signifi cant diff erences (P < 0.05) observed among wheat accessions for resistance to both diseases. However, no signifi cant (P < 0.05) genotype × experiment interaction was observed and thus the results of the two experiments were combined and mean disease score of each accession calculated.
The occurrence of resistance to the diseases among the 825 accessions was nearly identical (215 for tan spot and 218 for SNB). The number of accessions that were resistant to one or both diseases was associated with growth habit, with the spring accessions having half the number of resistant accessions compared to the winter accessions. Of 517 spring wheat accessions tested, 19.3% were resistant to tan spot and 18.5% were resistant to SNB (Table 1) . Of the 308 winter accessions tested, 37.6% were resistant to tan spot and 39.6% were resistant to SNB. Not only were significantly fewer spring accessions resistant, but the proportion of accessions that were rated highly susceptible with scores > 4 were much higher among spring accessions (59.5% for tan spot and 59.1% for SNB) compared to winter accessions (17.5% for tan spot and 20.7% for SNB) (Fig. 1) .
Frequency Distribution of Resistance Based on Country of Origin
Among the spring wheat accessions, South America had the largest number of tan spot resistant accessions compared to those from Africa (Table 1) . Similarly, South American accessions were more resistant to SNB than Asian accessions. Among the winter wheat accessions, South America and Europe had more accessions resistant to tan spot than North America. No signifi cant diff erences in the frequency of SNB resistance were present between continents.
Two spring wheat accessions from Canada and six wheat accessions from Mexico were resistant to tan spot. None of the four spring wheats evaluated from the U.S. were resistant to tan spot. Four winter wheat accessions (CItr 11849, CItr 17529, CItr 17421, and CItr 13701) from the U.S. were resistant to tan spot; however, no winter wheat accessions from Canada were resistant to tan spot (Supplementary Tables 1 and 2) . Similarly, two spring wheat accessions CItr 12782, and CItr 13457 from the U.S., one spring wheat accession CItr 14261 from Canada, and two spring wheat accessions CItr 8429 and CItr 14313 from Mexico were resistant to SNB (Supplementary  Tables 1 and 2 ). Eleven winter wheat accessions from the U.S. were resistant to SNB (Supplementary Table 2 ). Of the 111 spring wheat accessions from Africa, South Africa had four spring wheat accessions resistant to tan spot, and Sudan had four spring wheat accessions resistant to SNB. Of the 126 spring wheat accessions from Asia, China had the largest number of resistant accessions with six and four spring wheat accessions resistant to tan spot and SNB, respectively (Supplementary Table 1 ). Similarly, of the 87 winter wheat accessions, China also had the maximum number of resistant accessions with eight and seven accessions resistant to tan spot and SNB, respectively. Of the 158 spring wheat accessions evaluated from EurAsia, Russia and Portugal each had eight spring wheat accessions resistant to tan spot and SNB. Similarly of the 155 winter wheat accessions from Europe, both Belgium and Bosnia Herzegovina each had seven accessions resistant to tan spot. Belgium also had eight winter wheat accessions resistant to SNB (Supplementary Table 2 ). Of the 80 spring wheat accessions assessed from South America, Uruguay and Brazil had the maximum number with seven and six accessions, respectively, resistant to both tan spot and SNB (Supplementary Table 1) . Similarly, of the 35 winter wheat accessions from South America, Chile had the maximum number with 18 and 11 accessions resistant to tan spot and SNB, respectively (Supplementary Table 2 ).
Of the 825 wheat accessions evaluated, 88 wheat accessions (n = 39 spring wheat and n = 49 winter wheat) were resistant to both tan spot and SNB (Supplementary Table 1 and 2). The only accessions resistant to both diseases from North America were winter wheat accessions CItr 11849 and CItr 17529 from the U.S. and spring wheat accessions CItr 8429 and CItr 14313 from Mexico (Supplementary Tables 1 and 2) .
Of the wheat accessions resistant to both SNB and tan spot, 28 also had resistance to at least one other disease based on GRIN data (Table 3 ). The wheat accessions PI 344190, CItr 14233, CItr 14245, PI 125093, PI 184197, PI 83729, CItr 16592, and PI 124353 were resistant to stripe rust ( Supplementary Tables 1 and 2 ). The wheat accessions PI 162590, PI 197658, PI 174653, PI 174594, CItr 11228, CItr 17064, CItr 16630, and PI 181161 were resistant to both stripe rust and powdery mildew. Among these accessions, 18 were resistant to at least two additional diseases. Landrace accessions with multiple resistance occurred only among the winter accessions.
Relationship between Resistance and Agronomic Descriptors
Resistances to tan spot and to SNB were each associated with winter habit (Table 4) . Although the occurrence of resistance among spring wheat accessions was less compared to winter wheat accessions, resistance to SNB and tan spot was signifi cantly associated with each other (probability of independence = 10 -9 by Fisher's Exact Test) among the spring wheat accessions, whereas no such association existed for the two diseases among the winter accessions. Among the other agronomic traits tested for association, signifi cant positive associations also were present for days-to-fl ower greater than the population median (i.e., later maturity) and resistance (Table  4) . This association was primarily because spring accessions with later days-to-fl owering were much more likely to be resistant to the diseases as compared to early accessions ( Fig.  2A and 2B ). For SNB, improvement status of "cultivar" was positively associated with resistance versus all other classes of improvement status (i.e., landrace, breeding line, cultivated). 
Genetic Diversity Analysis Using RGAP Markers
When analyzed using the 10 RGAP primer combinations and one PCR-based RFLP primer set, a total of 284 bands were scored, of which 268 were polymorphic across wheat accessions (Table 2 ). The number of polymorphic bands ranged from 1 (Pto + Fens) to 49 (PtoKin 1 + PtoKin 2) per primer set (Fig. 3 ). An average of over 24 DNA bands was obtained for each RGAP primer. The percentage of markers that were polymorphic with each accession ranged from 25% (Pto + Fens) to 100% (XLRR INV1+2, XLRR R/F, PtoKin 1+2, and Cre3 + CrepLoop) ( Table 2 ). The dendrogram showed that spring wheat and winter wheat accessions grouped quite separately (Fig. 4) . Wheat landraces PI 94450 and PI 94481 from Russia were identical on the basis of the molecular data. Also, the winter landrace accession PI 223899 from Afghanistan had unique DNA polymorphisms.
DISCUSSION
In this study, we identifi ed 88 wheat accessions from the NSGC, a subset of the NSGC core collection, which are resistant to both tan spot and SNB based on our experimental results. Based on the GRIN database, we further identifi ed 28 accessions within this group that are also resistant to at least one other major wheat disease. Previous studies identifi ed new sources of resistance in wheat germplasm using a few races of a single pathogen (Singh et al., 2006b) , two fungal pathogens (Chu et al., 2008; Xu et al., 2004) , and multiple fungal pathogens (Singh et al., 2006c) . Since the accessions we evaluated are commercially cultivated wheat varieties, breeding lines, or landraces coming from diverse geographic origins, they are likely to have diverse resistance-gene constitutions. Among these sources, the adapted genotypes, particularly cultivars and elite breeding lines can be used directly in wheat breeding programs.
The distribution of wheat accessions with tan spot-and SNB-resistance varied with country of origin and growth habit. Winter growth habit was strongly associated with resistance both to tan spot and to SNB, because the environments where winter wheats are grown are probably more conducive to these two diseases. This would result in greater selection pressure for resistance to these diseases. This suggests that we might fi nd additional sources of resistance to both diseases in winter wheat particularly in Europe. In addition, accessions classifi ed as cultivars were more likely to have resistance to SNB than accessions within other categories of improvement, perhaps because SNB resistance has been a target for plant breeders.
Each of the polymorphic markers which we obtained was taken as an independent marker. The markers showed a high level of diversity among wheat accessions, as would be expected from accessions of diverse origin, improvement status, and from both spring and winter types. The UPGMA dendrogram grouped spring wheat and winter wheat separately. No relationship between clustering and geographical origin was evident. According to the GRIN passport data, wheat accessions PI 94450 and PI 94481 were collected in Russia in 1930 by the same individual, thus supporting the possibility that they are the same genotype. Winter wheat landrace PI 223899 originating from Afghanistan appeared to be unique on the basis of the RGAP markers. We hypothesize that this accession and others that clustered in diff erent groups could have genetically diff erent resistance to the two diseases. Given the diversity of geographic origin of these accessions and their diversity based on the RGAP markers, some of the resistance genes in these accessions could be novel and thus would be valuable in wheat breeding programs.
RGAP has shown to be an eff ective tool for detecting polymorphisms and for developing markers linked to the genes for resistance to plant diseases (Chen et al., 1998; Dong et al., 2009; Maleki et al., 2003) . On the basis of molecular polymorphisms, RGAP markers evaluated in this study appeared to be ideal candidates for future work to search for identifying new sources of resistance genes for tan spot and SNB in wheat. Crosses could be made between resistant accessions from various clusters identifi ed in this study and susceptible genotypes. The segregating populations generated could be screened for resistance and assayed for RGAP markers to determine if any of the markers cosegregate with resistance. Any closely-linked markers could be further validated for use in marker-assisted selection.
In summary, the spring and winter wheat accessions resistant to tan spot and SNB, which we have identifi ed in this study could be valuable sources of resistance to these and other key diseases of wheat. The RGAP marker-data analysis grouped accessions logically, with winter and spring habit groups being delineated, and accessions from diff erent groups could have diff erent resistance gene makeup. The accessions with multiple resistances should be evaluated further by plant breeders to determine which would be most useful to practical wheat breeding programs. Figure 4 . Dendrogram of 88 wheat accessions (n = 39 spring wheat and n = 49 winter wheat) showing genetic similarity based on Dice's index using 268 resistance gene analog polymorphic marker's data of 11 primers. The abbreviation of the accessions names is as follows: Accession prefi x (CItr or PI) followed by accession number. This accession number is followed by accession status abbreviated as L = landrace, B = breeding line, CV = cultivar and CD = cultivated. The accession status is followed by country or origin and the last letter S or W denotes spring or winter type.
